The effects of temperature on the amorphization of Zr-Al solid solutions have been investigated by ball milling Zr 100Ϫx Al x powder blends at different temperatures. At low milling temperatures, the Zr-Al solid solutions amorphized under the polymorphic constraint imposed by intensive external forcing. At elevated temperatures, the solid solution and the amorphous phases coexisted in an obvious two-phase region, signaling a transition approaching two-phase metastable equilibrium. The Al concentration needed for the complete amorphization of Zr-Al increased with increasing milling temperature. These observations, and in particular, the apparent reentrant liquidus, can be explained in terms of the temperature dependence of the external forcing effects brought in by the nonequilibrium milling process in this dynamic driven system.
I. INTRODUCTION
A crystal can be either melted to liquid at temperatures above the melting point, or amorphized in solid state by incorporating nonequilibrium defects.
1,2 The similarity between amorphization and melting has been recognized recently and several models have been proposed to illustrate the parallels between these two phenomena. [3] [4] [5] [6] [7] Mechanical alloying using the ball milling technique is a well-known route for solid-state amorphization ͑SSA͒. [8] [9] [10] [11] [12] [13] [14] [15] Experimental results on binary systems, such as Zr-Al, have shown that metastable solid solutions can be formed during milling by continuously incorporating solute atoms into the host ͑e.g., Zr͒. Amorphization occurs upon supersaturation beyond a certain solute concentration. [10] [11] [12] It has been shown that the crystal-to-amorphous transition in the Zr-Al system proceeds under a polymorphic constraint for ball milling at room temperature. In other words, there is no observable two-phase ͑solid solution/amorphous phase͒ coexistence region as would be dictated by the common tangent rule if a metastable two-phase equilibrium is established. 11 In some other binary systems, on the other hand, twophase coexistence prior to full amorphization has been observed during ball milling. [13] [14] [15] [16] Apparently, phase transformation under ball milling can be controlled by either a polymorphic constraint, or two-phase metastable equilibrium, depending on the material system in question and milling parameters employed. For a full understanding of the principles governing the amorphization process, it is useful to vary the milling temperature and intensity in addition to the alloy composition. However, most of the previous studies on SSA by mechanical alloying have used a constant temperature, i.e., room temperature. Little is known about the effects of temperature on the amorphization mechanism.
The present study was designed to investigate the crystal-to-amorphous transition at different temperatures during mechanical alloying of Zr and Al powders. We report an apparent reentrant melting behavior, i.e., the amorphization composition increasing with temperature as opposed to the descending T 0 line and liquidus in an equilibrium phase diagram. The phase transitions at different temperatures will be analyzed in terms of the thermodynamic properties of the metastable phases with and without the consideration of the dynamic forcing effects introduced into the system by the external driven process of mechanical alloying. The analysis shows that the driven effects are primarily responsible for the reentrant melting behavior observed under milling.
II. EXPERIMENT
Commercially available powders of Zr ͑99.9%, 100 mesh͒ and Al ͑99.999%, 200 mesh͒ were alloyed in a SuperMisuni ball mill with stainless-steel balls and vial. The ballto-powder weight ratio was 12:1 and about 4 g of mixed powder were milled for each run. The vial was sealed under a dry argon atmosphere at an Ar overpressure of 0.2 atm. To minimize the oxidation, the milling process was not interrupted until the desired milling time was reached. Ball milling was performed at various temperatures: 173 K ͑the milling vial was cooled with a mixture of liquid nitrogen and alcohol, and the temperature accuracy was within 20 K͒; 293 K, ͑water cooled͒; and several elevated temperatures in the range of 373-573 K ͑the milling vial was heated with a heating tape, and the temperature was controlled with an accuracy of Ϯ1 K͒. At each temperature, 3 -6 Zr 100Ϫx Al x compositions (xϭ0 -40 at. %) were ball milled. Wet chemical and energy-dispersive x-ray analysis indicate that after 50 h of milling the powder samples were essentially oxygen free ͑less than 500 ppm͒, and the Fe content was less than 1 at. %.
X-ray diffraction ͑XRD͒ analysis was carried out using a Rigaku x-ray diffractometer ͑D/max-ra, 12 kW͒ with Cu K␣ radiation. The lattice parameters and average grain sizes of the milled products were determined from the positions and full width at half maximum of the diffraction peaks, respectively. 17 Transmission electron microscopy ͑TEM͒ and high-resolution transmission electron microscopy ͑HRTEM͒ examinations were conducted using EM420 and JEOL-2010 microscopes, respectively. Specimens for TEM and HRTEM observations were prepared by ion thinning ͑Gatan ion mill using Ar ions͒ disk samples cold consolidated from the asmilled powders.
Thermal analysis was performed using a Perkin-Elmer differential scanning calorimeter ͑DSC-7͒ at a constant heating rate of 20 K/min. Approximately 30 mg of the milled samples, compacted into pellets at room temperature with a uniaxial pressure of 1 GPa, were sealed in copper pans and heated in flowing argon. The base line was determined by repeating each run without disturbing the sample. The temperature for the DSC was periodically calibrated using pure In and Zn standards.
III. RESULTS

A. Amorphization at low temperatures
Figure 1 displays x-ray diffraction patterns of Zr 100Ϫx Al x samples milled at 173 K. For alloy compositions with 10 at. % Al or less (xр10), the XRD patterns show all the hcp Zr peaks, broadened and consistently shifted to higher angles when compared with the Bragg peaks of pure Zr. This demonstrates that Al atoms have been dissolved into the hexagonal Zr matrix, leading to the formation of supersaturated hcp Zr solid solutions. The XRD line broadening arises from both the refinement of the Zr͑Al͒ crystallites and the accumulated microstrain. An analysis based on the Scherrer formula indicates that the average grain size of the Zr͑Al͒ obtained was less than 10 nm. For xу12, in contrast, broad halos indicative of amorphous phase formation become the main feature in diffraction spectra and all the Bragg peaks fade away. These results indicate that with increasing Al concentration, the Zr͑Al͒ solid solution is taken over by an amorphous phase, and the transition from Zr͑Al͒ solid solution to amorphous is rather abrupt. There is no experimentally observable coexistence region of the solid solution and the amorphous alloy. This corresponds to the scenario of the polymorphic constraint discussed before, 11 which led to single-phase products with no tendency to reach a two-phase metastable equilibrium between the solution and the amorphous phases.
For Zr-Al powders milled at room temperature ͑293 K͒, the maximum Al concentration corresponding to a full hcp Zr͑Al͒ solid solution appears unchanged at 10 at. % Al. Amorphization is nearly complete for xу15, as revealed by the XRD patterns shown in Fig. 2 . Compared with the milling results at 173 K, there appears to be a small two-phase coexistence region ͑Zr-Al solid solutions and amorphous phase͒ in between 10-15 at. % Al. This result is slightly different from the room-temperature results obtained for a SPEX mill. 10, 11, 18 In the latter case, the width of the twophase region, if it existed at all, was Ͻ2.5 at. % Al ͑the composition step used in the experiment 11 ͒, and hence, not observable. The Al concentration for full amorphization was also slightly higher. 11, 18 
B. Amorphization at elevated temperatures
Several elevated temperatures were chosen to investigate the temperature effects on the width of the two-phase region and the critical Al concentration needed for amorphization. the samples milled at room temperature, suggesting that the temperature had only a minor effect on the grain-size refinement. A further increase in Al concentration beyond 10 at. % led to the appearance of the amorphous phase.
For 10ϽxϽ25, in addition to Bragg peaks corresponding to the hcp Zr͑Al͒ solid solutions, the broad halo in the background of the XRD profiles suggests the presence of an amorphous phase. In this composition range, the milling products are thus primarily two-phase mixtures: crystalline and amorphous Zr͑Al͒. This conclusion was also confirmed in TEM and HRTEM analyses. As seen in Fig. 4 , a HRTEM micrograph of a Zr 85 Al 15 sample milled at 523 K for 50 h, nanostructured Zr͑Al͒ crystallites are embedded in an amorphous matrix. The selected area electron diffraction pattern ͑SAED͒ also indicates the presence of both amorphous and nanocrystalline Zr͑Al͒. The presence of the two-phase coexistence can be further confirmed by calorimetry measurements ͑see below͒. The composition of crystalline Zr͑Al͒ solutions in these mixtures can be estimated from the variation of the lattice parameters, as shown in Fig. 5 . The lattice parameter of the supersaturated Zr͑Al͒ solid solution decreases with increasing Al concentration up to 10 at. %. It remains almost unchanged, however, with further addition of Al, suggesting that the hcp crystalline Zr͑Al͒ solutions in the two-phase mixtures have an almost unchanged composition close to Zr 90 Al 10 .
With increasing Al concentration, the intensity of the hcp crystalline XRD peaks decreases, and the halo characteristic of the amorphous phase gradually dominates in the XRD patterns. When the Al concentration exceeds 25 at. %, the milling resultants are essentially amorphous. Figure 6 shows a series of DSC traces of Zr 100Ϫx Al x samples milled at 523 K for 50 h, representing the thermal behavior of Zr͑Al͒ with different phase constitutions, i.e., solid solutions (xр10), amorphous (xϾ25), and two-phase mixtures (10Ͻxр25). For individual solid solution and amorphous phases, heating to 1000 K resulted in only one narrow exothermic peak corresponding to the transformation into equilibrium compounds. XRD analysis indicates that in all cases, the equilibrium Zr and Zr 2 Al are the resultant phases. Generally speaking, the onset crystallization temperature of the amorphous alloys is higher than the decomposition temperature of the solutions and constantly shifts toward higher temperatures with increasing Al concentration. DSC traces for the two-phase mixtures exhibit two distinct exothermal peaks, which correspond to the heat release due to the transformation of the solid solution and the amorphous phase, respectively. By integrating the areas under the exothermal peaks, one may obtain approximately the phase fraction of the mixtures, as plotted in Fig. 7 . It is found that the fraction of the amorphous phase increases with increasing Al concentration at the expense of the solid solution, which is consistent with the analysis of the XRD results. Figure 5 also shows that the heat release signals for all the samples milled at 523 K start at temperatures near 523 K. This enthalpy release before the main peaks may arise from the irreversible recovery of the mechanically deformed crystals through grain growth, defects annihilation, or strain relief, or structural relaxation in amorphous materials. 11, 18 Qualitatively similar results have also been obtained at other elevated milling temperatures ͑373, 473, and 573 K͒.
C. Phase diagram under ball milling
Summarizing the milling results at various temperatures, a phase diagram of Zr-Al under ball milling can be constructed for the formation of the metastable phases, as shown in Fig. 8 . Two important features are noteworthy. First, at low milling temperature, the transformation from Zr-Al solid solution to amorphous phase is abrupt and controlled by polymorphous constraints. Stated differently, only the single-phase product is obtained, without an obvious solid solution/amorphous phase coexistence region. At high milling temperatures, there is a pronounced two-phase region, approaching the scenario corresponding to a two-phase metastable equilibrium. Second, the critical Al concentration for complete amorphization increases with increasing temperature, resulting in an apparent re-entrant liquidus for the solidstate amorphization reaction. By taking the average values of the two border lines in Fig. 8 , a T 0 line, namely, the ''melting'' ͑amorphization͒ line, 1 can be estimated. In comparison with the normal melting T 0 line and liquidus in an equilibrium phase diagram, both decreasing with increasing solute concentration, the T 0 line and liquidus in Fig. 8 knowledge no experimental evidence, either for thermally induced transformations or externally driven processes ͑such as milling͒, has been reported before.
IV. DISCUSSION
A. Enthalpy of formation of the metastable phases
The possibility of reentrant melting was proposed 2,5,7
based on the entropy reversal, i.e., the amorphous phase having a lower entropy than the competing crystalline phase, in our case, the solid solution. It is, therefore, instructive to begin our discussion with an assessment of the thermodynamic properties of the two phases involved. Calculations of phase stability can then be made to compare with the experimentally observed temperature/composition dependence seen in the diagram of Fig. 8 . By integrating the area under the exothermal signals in the DSC traces, one obtains the total enthalpy of transformation from the metastable state to equilibrium ⌬H tot , and the enthalpy of the transformation of the relaxed metastable phase to equilibrium ⌬H p ͑which is from the integration of only the main exothermal peaks͒. Both ⌬H tot and ⌬H p are plotted as a function of Al concentration in Fig. 9 for the Zr-Al samples milled at 523 K. The slope of the ⌬H tot ͑or ⌬H p ͒ line does not exhibit an obvious abrupt change ͑kink͒ as observed in the case of room-temperature milling. 11, 12 This suggests that the transformation mechanism at elevated temperature may be different from that at low milling temperatures, where polymorphous constraints dominate.
⌬H tot can be used to obtain the enthalpy of formation of the metastable phase ⌬H f , m through the relationship.
where ⌬H f , c is the enthalpy of formation of the equilibrium phases. The ⌬H f , m curves for both the amorphous phase and the hcp solid solution are plotted in Fig. 10 . In this diagram, a solid line labeled ''equilibrium,'' is the equilibrium common tangent constructed for the hcp solid solution and the compound Zr 2 Al, the two equilibrium phases that form upon heating in the DSC. The enthalpy of formation of the Zr-Al solid solution can also be calculated using semiempirical methods such as CALPHAD. The CALPHAD equations and parameters needed for the calculation of enthalpy versus composition curves were taken from Saunders. 20, 21 It is seen in Fig. 10 that the calculated curve for the hcp solid solution agrees well with the experimental data. However, the semiempirical CALPHAD equations developed by fitting the equilibrium phase diagram is not adequate to predict the enthalpy of formation of the amorphous alloys at low temperatures. 19 In Fig. 10 , the enthalpy of the formation curve for the amorphous phase was obtained by fitting experimental data for xϾ25 at. %, and extrapolation to low Al concentrations. It is noticed that at 523 K the experimental data points for the two-phase region lie fairly close to the common tangent line to the ⌬H f curves of the solid solution and amorphous phases, suggesting that the two-phase coexistence may be governed by a two-phase metastable equilibrium determined by the common tangent construction.
B. Comparison of the calculated and experimental phase diagrams
If the metastable thermodynamics govern phase formation, the homogeneity range of the amorphous phase in a binary system can be determined using the diagram of the free energy of formation ⌬G f , m versus composition. With the enthalpy of formation discussed above in Sec. IV A, ⌬H f , m , the Gibbs free energies of the metastable phases at different temperatures can be obtained using where ⌬S m is the entropy of formation of the metastable phases. Although the entropic term is expected to be only a small fraction of the larger enthalpic term at low temperatures, it may contribute to a moderate difference between the enthalpy and the free energy at elevated temperatures. For the hcp Zr-Al solid solution, the CALPHAD ⌬S m and ⌬G f , m expressions 20, 21 can be extrapolated into the metastable composition region of interest.
The configurational entropy of the amorphous phase, however, is not well understood to date and not available in the literature. Nevertheless, we may assume that the amorphous phase has the same entropy as the equilibrium compounds of the same composition, for which CALPHAD ⌬S m expressions are available. 20, 21 This choice can be rationalized as follows: For easy glass-forming systems with a highly negative heat of mixing in the liquid, it is reasonable to assume that upon cooling the atomic configuration of the amorphous alloy ͑undercooled liquid͒ approaches that of the compound with the same composition through short-range chemical ordering. 5, 22 At the glass transition temperature T g the amorphous phase becomes nearly isoentropic with the crystallized equilibrium compounds. At temperatures below the glass transition temperature, the Zr-Al amorphous phase will be in a configurationally frozen state. Note that with this choice the amorphous phase does have a lower entropy than the solid solution.
2,5,7
Combining the enthalpic and entropic terms, the Gibbs free energies for both the hcp solid solution and amorphous phase have been calculated, as plotted in the free energy versus composition diagram of Figs. 11͑a͒ and 11͑b͒ for two temperatures, 293 and 523 K, respectively. It is observed that when the temperature is increased from 293 to 523 K, the crossover point of the free-energy lines x* shifts to higher Al concentration, and the width of the two-phase coexistence region between the amorphous phase and solid solution, ⌬x*, also increases as indicated by the common tangent construction. The values of x* and ⌬x* from such free-energy diagrams at different temperatures are plotted as a function of temperature in Fig. 12 . Apparently, the entropy reversal makes the two free-energy curves shift relatively to each other in such a way that a reentrant T 0 line ͑determined by x*͒ is observed in Fig. 12 . However, the predictions in Fig.  12 cannot be directly used to explain the experimental results in Fig. 8 . This is because our experiments mapped out the two-phase region as a function of composition and temperature, but the x* ͑T 0 line͒ was not directly measured. According to Fig. 12 , an obvious two-phase region should have similar width at all temperatures. In other words, the disappearance of the two-phase region at low milling temperatures ͑Fig. 8͒ is not accounted for by the thermodynamic calculations presented in Figs. 11 and 12 . The resemblance between the x* curve in Fig. 12 and the T 0 line in Fig. 8 may, therefore, be fortuitous. Additional kinetic factors must be considered, as will be discussed in the following.
C. Effects of external forcing: Effective temperature
It should be noted that we are dealing with a dynamic, nonequilibrium, high-strain-rate deformation process. As a result, the Gibbs free-energy arguments above should suffice in such driven systems only in limiting cases. 12 A satisfactory interpretation for the amorphization processes at different temperatures must, therefore, take into account the dynamic forcing effects. Under driven mixing conditions, such as ball milling, a balance between two atomic fluxes should be considered, 23, 24 as shown by Martin,
where M is the atomic mobility; N is the number of atoms equilibrium deformation, which forces the so-called ballistic mixing. One example is the shearing of atomic planes. 25 An atomic flux J B is generated during this or other athermal processes, leading to forced mixing in addition to the formation of various types of extended defects. For such driven systems under mechanical milling, a forcing parameter ␥ b has been introduced as the frequency ratio between the forced and thermally activated atomic jumps:
where ⌫ b is the atomic jump frequency caused by external forcing, which drives alloying or disordering; and ⌫ t is the atomic jump frequency due to thermal diffusion, which favors phase decomposition or ordering. The forced mixing term D B /M in Eq. ͑3͒ is proportional to ␥ b . It has been shown that as a result of ␥ b a driven system will have an effective driving force or effective free energy:
In other words, a driven system at temperature T will behave as if it were at an effective temperature T eff ϭ(1ϩ␥ b )T without external forcing. At a sufficiently low milling temperature, externally forced mixing (⌫ b ), which is relatively temperature insensitive, will dominate because of the suppressed thermal diffusive atomic movements (⌫ t ). 26, 27 The result is a large ␥ b and a high T eff . As the milling temperature increases, ␥ b and T eff decrease due to the rapidly enhanced thermal jumps. Therefore, an increase in experimental temperature corresponds to a reduction in T eff . At high milling temperatures, thermal events overwhelm external forcing so that the effective temperature and the milling temperature are practically identical. A schematic showing this trend is given in Fig. 13 ͑see Ref. 23 for details͒.
While it is difficult to quantitatively evaluate ⌬G eff , especially since ␥ b at different temperatures is unknown, one can qualitatively see the effect of a high effective temperature ͑large ␥ b ͒ using a conventional equilibrium phase diagram. After converting milling temperatures to effective temperatures, the amorphization behavior is analogous to what is observed in a solid solution/melt two-phase region, Fig. 14 . A low milling temperature corresponds to a high effective temperature T 1 eff , at which the composition width of the two-phase ͑solution/liquid͒ region is small, and hence, hardly detectable using XRD. A polymorphic constraint can be assumed and practically only single-phase products exist. As the milling temperature increases, the effective temperature decreases, and the width of the two-phase region increases, as schematically shown in Fig. 14 at T 2 eff . The polymorphous constraint and disappearance of the two-phase region observed at low milling temperatures can also be illustrated using Eq. ͑3͒. A large ␥ b gives rise to a large J B term that is likely to overpower the decomposition term J th . This leads to downhill diffusion, eliminating the concentration gradient ‫ץ‬c/‫ץ‬x. As a result, the system is constrained to be a single phase with a uniform composition. Chemical segregation is disallowed and the two-phase region is, hence, eliminated. This effect is weakened as the milling temperature increases, with phase separation eventually dominating at high temperatures, dictated by thermodynamic stable or metastable equilibrium.
As such, the temperature effects observed during ball milling of Zr-Al ͑Fig. 8͒, namely, the apparent reentrant melting and the switch from a polymorphic constraint at low milling temperatures to two-phase metastable equilibrium at high milling temperatures, can be attributed mainly to the temperature dependence of the dynamic effects (␥ b ) of external forcing in this driven system. In other words, an external forcing process can accentuate or even cause an apparent reentrant melting behavior that is observed in experiments.
V. CONCLUSIONS
͑1͒ Zr 100Ϫx Al x powder blends have been ball milled at different temperatures. The metastable phase evolution is examined as a function of Al concentration and milling temperature. At low milling temperatures, Zr͑Al͒ solid solutions amorphize under a polymorphic constraint, resulting in single-phase products. At elevated temperatures, there exists a pronounced two-phase region comprised of coexisting amorphous and solid solution phases, suggesting a tendency to approach two-phase metastable equilibrium. The polymorphic constraint, as well as the switch over to two-phase metastable equilibrium at high milling temperatures, have been explained as due to the externally forced mixing in a driven system and its temperature dependence.
͑2͒ The Al concentration for the complete amorphization of Zr-Al increases with increasing milling temperature, exhibiting a reentrant liquidus. Our analysis suggests that this behavior may not be due to the thermodynamic origin previously proposed for reentrant melting ͑the amorphous phase having a smaller configurational entropy than the solid solution phase͒. It is proposed that in a driven system the reentrant behavior can be a consequence of the temperature dependence of the external forcing effects. The widening of the two-phase region with increasing milling temperature can be explained using the equilibrium phase diagram after converting the milling temperature to an effective temperature using the concept of enhanced entropy/temperature in the presence of external forcing. Because of this expansion of the twophase region at elevated temperatures, it was not possible to directly measure x* at different temperatures, thus precluding the experimental verification of the possible thermodynamic reentrant melting of the solid solutions. 
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